Using small-angle x-ray scattering, we have observed the cGMPinduced elongation of an active, cGMP-dependent, monomeric deletion mutant of cGMP-dependent protein kinase (⌬ 1-52 PKG-I␤). On saturation with cGMP, the radius of gyration of ⌬ 1-52 PKG-I␤ increases from 29.4 ؎ 0.1 Å to 40.1 ؎ 0.7 Å, and the maximum linear dimension increases from 90 Å ؎ 10% to 130 Å ؎ 10%. The elongation is due to a change in the interaction between structured regulatory (R) and catalytic (C) domains. A model of cGMP binding to ⌬ 1-52 PKG-I␤ indicates that elongation of ⌬ 1-52 PKG-I␤ requires binding of cGMP to the low-affinity binding site of the R domain. A comparison with cAMP-dependent protein kinase suggests that both elongation and activation require cGMP binding to both sites; cGMP binding to the low-affinity site therefore seems to be a necessary, but not sufficient, condition for both elongation and activation of ⌬ 1-52 PKG-I␤. We also predict that there is little or no cooperativity in cGMP binding to the two sites of ⌬ 1-52 PKG-I␤ under the conditions used here. Results obtained by using the ⌬ 1-52 PKG-I␤ monomer indicate that a previously observed elongation of PKG-I␣ is consistent with a pure change in the interaction between the R domain and the C domain, without alteration of the dimerization interaction. This study has revealed important features of molecular mechanisms in the biochemical network describing PKG-I␤ activation by cGMP, yielding new insight into ligand activation of cyclic nucleotide-dependent protein kinases, a class of regulatory proteins that is key to many cellular processes. C yclic guanosine monophosphate (cGMP) is a second messenger signaling molecule that is central to the regulation of many physiological processes, including smooth muscle tone, visual transduction, platelet aggregation, bone growth, and electrolyte and fluid homeostasis (see reviews in refs. 1-3). Its known targets are ion channels, which can alter cellular cation or anion transport; phosphodiesterases, which degrade cyclic nucleotides; and the cGMP-dependent protein kinases (PKGs), which are believed to be responsible for most intracellular cGMP actions. The PKG [first discovered by Kuo and Greengard (4)] is a serine͞threonine protein kinase whose substrates include ion channels and pumps, receptors, and enzymes that control intracellular Ca 2ϩ concentrations. In its active form, PKG can transfer the ␥-phosphate from ATP to target proteins, preferentially targeting serines in substrates having consensus sequence RRXSX, with some exceptions (1, 5). Phosphorylation of target proteins by PKG effects smooth muscle relaxation by reduction of cellular Ca 2ϩ . The PKGs and cAMP-dependent protein kinases (PKA) are homologous enzymes, and the two enzyme families share many similarities in biochemical function and domain organization.
C
yclic guanosine monophosphate (cGMP) is a second messenger signaling molecule that is central to the regulation of many physiological processes, including smooth muscle tone, visual transduction, platelet aggregation, bone growth, and electrolyte and fluid homeostasis (see reviews in refs. [1] [2] [3] . Its known targets are ion channels, which can alter cellular cation or anion transport; phosphodiesterases, which degrade cyclic nucleotides; and the cGMP-dependent protein kinases (PKGs), which are believed to be responsible for most intracellular cGMP actions. The PKG [first discovered by Kuo and Greengard (4) ] is a serine͞threonine protein kinase whose substrates include ion channels and pumps, receptors, and enzymes that control intracellular Ca 2ϩ concentrations. In its active form, PKG can transfer the ␥-phosphate from ATP to target proteins, preferentially targeting serines in substrates having consensus sequence RRXSX, with some exceptions (1, 5) . Phosphorylation of target proteins by PKG effects smooth muscle relaxation by reduction of cellular Ca 2ϩ . The PKGs and cAMP-dependent protein kinases (PKA) are homologous enzymes, and the two enzyme families share many similarities in biochemical function and domain organization.
PKG is a dimer comprised of two identical monomers (1) (2) (3) . Each monomer of PKG contains a regulatory domain (R) and a catalytic domain (C) on a single polypeptide chain. The monomers dimerize via interactions between the extreme Nterminal sequences of the R domain. Each R domain in PKG contains two homologous cyclic nucleotide-binding sites arranged in tandem; cyclic nucleotide binding to these sites causes activation. There are two homologous forms of PKG: type I, with an acetylated N terminus, is usually associated with the cytoplasm; type II, with a myristylated N terminus, is generally associated with the membrane. Types I and II have not been shown to coexpress in any tissue. Two closely related isoforms of type I are known, differing only in the first Ϸ100 aa: PKG-I␣ and PKG-I␤.
Beginning at the N terminus, type I PKG consists of the following functional domains in order of sequence: , the amino-terminal dimerization͞autoinhibitory domain, with two autophosphorylation sites; (117-234), the high-affinity cGMP binding domain, containing cGMP-binding site A; (235-355), the low-affinity cGMP binding domain, containing cGMPbinding site B; (356-491), the Mg 2ϩ ͞ATP binding site; (492-616), a target protein interaction domain; and (617-686), Cterminal residues of unknown function. The domains in the N-terminal region of the enzyme (1-355) comprise the R domain, and the remaining residues (356-686) comprise the C domain. Residue numbers are given in parentheses for bovine isoform ␤; the ␣ isoform is identical to ␤ except in the N-terminal domain, which has 16 fewer residues. The overall organization of the homologous PKA is similar to that of the PKGs, except that in PKA the R and C domains reside on different polypeptide chains, and are thus referred to as ''subunits.'' Binding of two cGMP molecules fully activates one molecule of PKG monomer. Activation can also be achieved by autophosphorylation in the autoinhibitory domain. Because cGMP binding stimulates autophosphorylation, it is likely that cellular activation of PKG involves the concerted actions of cGMP binding and autophosphorylation. In both the PKAs and the PKGs, activation occurs only after cyclic nucleotide binding releases the autoinhibitory domain of the R subunit͞domain from its interaction with the catalytic cleft of the C subunit͞ domain.
Although no atomic structure data on PKG are currently available, crystal structures have been determined for both the truncated R subunit (6, 7) and C subunit (8, 9) of PKA. Sequence identity between PKG-I␤ and PKA is Ͼ30% for the R subunit, and Ͼ40% for the C subunit. An atomic structure of the PKA heterodimer (i.e., the R subunit in complex with the C subunit) is not available, but a recent model based on high-resolution R and C subunit structures, small-angle scattering data, and a known inter-subunit ion pair (10) predicts the arrangement of the R and C subunits within the heterodimer, and also predicts specific interactions that are important for formation and stabilization of the complex between the R and C subunits.
In a previous study of mechanisms associated with cGMP binding and activation of PKG, we observed a dramatic elongation of PKG-I␣ on binding cGMP (11) . Fourier transform This paper was submitted directly (Track II) to the PNAS office.
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infrared spectroscopy showed that this conformational change did not involve significant secondary structure changes, indicating that the elongation could be well-explained by a rearrangement of structured domains. A study of PKG-I␤ using ion exchange chromatography, gel filtration chromatography, and native gel electrophoresis also showed that either cGMP-binding or autophosphorylation of the more C-terminal phosphorylation site (Ser-79) activated the protein and was correlated with an apparent elongation of the protein (12) .
To better understand the conformational changes related to cGMP activation of PKG, we engineered a monomeric PKG-I␤ mutant with the 52 N-terminal residues deleted (⌬ PKG-I␤), thus eliminating the dimerization domain before the autophosphorylation sites. This monomeric PKG-I␤ is highly dependent on cGMP and retains function comparable to that of dimeric PKG-I␤. We studied this deletion mutant of PKG-I␤ using small-angle scattering in the presence of varying levels of cGMP, with results that complement and expand on our previous studies of cGMP activation of the dimer: (i) the general shape of cGMP-free ⌬ 1-52 PKG-I␤ has been characterized, and that shape is consistent with the recently published model of the PKA R͞C interaction (10); (ii) as occurred in the PKG dimer, a dramatic elongation of the ⌬ 1-52 PKG-I␤ molecule is observed on adding saturating levels of cGMP; (iii) the scattering at intermediate levels of cGMP implies that the monomer elongation is wellexplained by a simple two-state model (compact and extended structures); (iv) a model of cGMP binding to ⌬ 1-52 PKG-I␤ reveals that binding to the low-affinity cGMP-binding site is required for elongation, and comparison with PKA suggests that binding to both cGMP-binding sites is required for both elongation and activation; (v) the success of the model suggests that there is little or no cooperativity in cGMP binding under the conditions used here; and (vi) the elongation of monomeric PKG subunits can completely account for the previously observed cGMP-induced elongation of dimeric PKG (11).
Methods
Mutagenesis, Expression, Purification, and Characterization. Human PKG-I␤ cDNA was ligated into the EcoRI and SmaI sites of the baculovirus expression vector pVL 1392 (13, 14) . The EcoRI͞ SacI fragment for ⌬ 1-52 PKG-I␤ was subcloned into the SacI͞ SmaI fragment of pVL 1392-PKG-I␤. The protein was expressed and purified to apparent homogeneity by using cAMP-affinity chromatography essentially as described for WT PKG-I␤ (14) . Protein was characterized by using specific kinase catalytic activity (Ϫ͞ϩ cGMP), cGMP-binding activity, and purity on 10% SDS͞PAGE gels (15) . Cyclic nucleotide content of purified ⌬ 1-52 PKG-I␤ was Ͻ1% of total cyclic nucleotide-binding sites (16) . By matrix-assisted laser desorption ionization mass spectrometry, protein had a molecular mass of 71.5 kDa, in agreement with the amino acid sequence. The amino-terminal sequence of the protein was verified by sequential Edman degradation (13) .
Small-Angle Scattering. Small-angle scattering was used as a probe of large-scale shape changes (see ref. 17 and references therein). Experiments were performed by using a stock solution of 0.0783 mM ⌬ 1-52 PKG-I␤. The concentration of PKG was determined spectrophotometrically by measuring absorbance at 280 nm and assuming an extinction coefficient of 73,000 M Ϫ1 ⅐cm
Ϫ1
[estimated from the amino acid sequence by using the EXPASY PROT-PARAM tool at http:͞͞us.expasy.org͞tools͞protparam.html, based on an algorithm by Gill and Von Hippel (18)]. The buffer was 10 mM potassium phosphate, pH 6.8, 2 mM EDTA, 25 mM 2-mercaptoethanol, 150 mM NaCl. A stock solution of 6.676 mM cGMP sodium salt (spectrophotometric determination at 252 nm by using an extinction coefficient of 13.7 M Ϫ1 ⅐cm Ϫ1 ) in buffer was prepared for titration experiments. Scattering samples were prepared by weighing amounts of PKG and cGMP stock solutions to final volumes between 15 and 25 l, and were mixed by using a vortexer. Samples were spun in a microcentrifuge, then loaded into a capillary sample chamber via pipette and centrifuge. The chamber was rinsed thoroughly with buffer before loading new sample; buffer was removed from the chamber by centrifugation. To conserve material, the chamber was not rinsed with sample solution before a final loading with sample solution. Lack of rinsing thus caused a small unknown decrease in the overall sample concentration (estimated 20% maximum effect, with no effect, however, on the cGMP:PKG ratio), preventing accurate analysis of I 0 ͞c. Scattering experiments were performed at a temperature of 13.3°C, as described in Heidorn and Trewhella (19), by using lysozyme as a standard for calibration. End point samples (cGMP-free and 9.4:1 cGMP:PKG) were exposed to monochromatic x-rays for Ͼ12 h. Intermediate points were exposed between 2 and 4 h. Buffer samples were exposed overnight. Scattering experiments yielded measurements of the intensity profile I(Q), where Q is the scattering vector length (see below description of P(R) analysis). We saw no evidence of aggregation for cGMP-free PKG samples. Some aggregation was apparent in the highest cGMP:PKG ratio sample (9.4:1). This level of aggregation can cause an apparent increase in the radius of gyration R g , but mainly leads to overestimate and increased uncertainty in the D max parameter (see below description of D max ). To avoid analysis complications due to aggregation, we used the precisely saturated 2:1 cGMP:PKG sample for analysis of the cGMP-saturated state because it did not show evidence of aggregation.
P(R) Analysis and Estimation of Structural Parameters.
We used the program GNOM (20, 21) to estimate the radial Patterson distribution P(R) from I(Q), yielding estimates of the radius of gyration (R g ), the maximum distance (D max ) and I 0 with estimated errors [parameters defined as in Zhao et al. (11) ]. A slit smearing correction was used in GNOM to deconvolute the effect of the beam slit height. Use of GNOM had two subjective aspects: (i) a number of intensity points at low Q that seemed to be measurements that were obstructed by the beamstop were removed; and (ii) D max is a user-supplied constraint, and values over a range of approximately Ϯ10% yielded similar quality fits. Two-State Modeling. Data points (Q i ,I i ) in PKG scattering curves were modeled as a linear combination of the data points (Q i , I i (1) ) obtained from cGMP-free PKG and data points (Q i , I i (2) ) obtained from cGMP-saturated PKG as I i (calc) ϭ a (1) I i (1) ϩ a (2) I i (2) . Analytic expressions for a (1) and a (2) were calculated by minimizing the sum of the squared residuals
, and approximate analytic expressions for errors in a (1) and a (2) were obtained by differential analysis of the expressions for a (1) and a (2) . Custom software for carrying out the calculations was written in the C programming language. The occupancy of the extended state was calculated as a (2) (a (1) PKG-I␤ has concentrations of five distinct molecular species: (i) free PKG; (ii) free cGMP; (iii) PKG:A (cGMP bound to the high-affinity site A); (iv) PKG:B (cGMP bound to the low-affinity site B); and (v) PKG:AB (cGMP bound to both sites). We make the following simplifying assumptions: (a) there is negligible free cGMP below a cGMP:PKG ratio of 2:1; and (b) there is no cooperativity in cGMP binding, meaning that dissociation constants for cGMP binding to the A and B binding sites are independent. Assumption a is reasonable because PKG concentrations were in the neighborhood of 75,000 nM, which is 2-3 orders of magnitude larger than the measured cGMP-binding site dissociation constants (55 and 750 nM). Assumption b has not been experimentally confirmed but is a hypothesis that is tested by our model. We are interested in three functions: (i) the fraction of the population that has cGMP bound to site A, including binding to both sites, A R (x); (ii) the fraction of the population that has cGMP bound to site B, including binding to both sites, B R (x); and (iii) the fraction of the population that has cGMP bound to both sites AB R (x). Under our assumptions it can be shown that the following equations are valid for cGMP:PKG Յ 2:
where x is the ratio cGMP:PKG, and R is the ratio of the dissociation constant for binding to site B over that for site A. , which is similar to the value of Ϸ2.5 mol⅐min Ϫ1 ⅐mg
Results

Functional
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for type I PKGs reported earlier (15) . The kinase activity was highly dependent on cGMP for activation, and was stimulated Ͼ10-fold by addition of cGMP. The dissociation constant K d for [ PKG-I␤ in the absence of cGMP. The experimental scattering curve I(Q) was analyzed to determine P(R) ( Fig. 1; see Methods) . The cGMP-free molecule is somewhat elongated, with a radius of gyration R g ϭ 29.4 Ϯ 0.15 Å and a maximum linear dimension D max ϭ 90 Å Ϯ 10%. A perfectly spherical protein of the same molecular weight as the deletion mutant (71.5 kDa) would be predicted to have R g ϭ 22 Å and D max ϭ 58 Å.
A simulated scattering curve was calculated from the model of the R͞C interaction in PKA. This curve is consistent with the experimental I(Q) for ⌬ PKG-I␤ (Fig. 2) ; the fit has 2 ͞n ϭ 1.07. The R g of the raw PKA R͞C model is calculated to be 28.1 Å, which is 4.4% less than that of the cGMP-free monomeric PKG. Allowing for the existence of a hydration layer (24) , the model with the best-fit hydration shell has a calculated R g ϭ 29.0 Å, which just 1.4% less than the experimental value.
Monomeric PKG Elongates on Binding cGMP. Scattering data were obtained from a solution of ⌬ 1-52 PKG-I␤ with a precisely saturating amount of cGMP (2:1 molar ratio). The experimental I(Q) curve yielded a P(R) characteristic of a highly elongated molecule (Fig. 1) . The cGMP-bound molecule has R g ϭ 40.1 Ϯ 0.7 Å, which is 11 Å greater than that of the cGMP-free molecule; and D max ϭ 130 Å Ϯ 10%, which is 40 Å longer than the cGMP-free molecule.
Two-State Model of Monomeric PKG Elongation.
To further characterize the dependence of the elongation of ⌬ 1-52 PKG-I␤ on binding cGMP, additional cGMP:⌬ 1-52 PKG-I␤ solutions were prepared in molar ratios of 0.5:1, 1.5:1, and 9.4:1. Scattering data obtained from the 0.5:1 and 1.5:1 solutions have estimated P(R) distributions (Fig. 1 ) and structural parameters ( Table 1 ) that seem to be intermediate in degree of elongation between the cGMP-free and cGMP-saturated samples. Scattering data from the 9.4:1 solution are similar to that from the 2:1 solution, with some evidence of aggregation that is also apparent in the ''tailing'' of the P(R) distribution out to R ϭ 140 Å. Table 1 ). The apparent isosbestic point in the P(R) distributions suggests a mixture of just two molecular species in solution. The apparent isosbestic point in the P(R) distributions (Fig. 1) suggests that all samples contain a cGMP-dependent mixture of molecules in one of two states, a hypothesis that was tested by fitting the titration data to a two-state model. Assuming that the cGMP-free PKG sample consists of molecules in a purely ''compact'' state, and that the molecules in the cGMP-saturated sample are in a purely ''extended'' state, the measured I(Q) at each titration point was modeled as a linear combination of the cGMP-free and cGMP-saturated (9.4:1) I(Q)s. A linear leastsquares fit was performed to optimize the fit of each titration point by selection of relative weights of the compact and extended state. This simple two-state model accurately reproduces the data at each titration point (Fig. 3) and predicts the fraction of PKG in each sample that is in the extended state (Fig.  4) . Singular value decomposition analysis (Fig. 5 ) also implies that the data can be explained by two states: the first two singular values account for 96% of the scattering signal; and I(Q) components beyond the first two are dominated by noise. PKG-I␤ elongation with cGMP binding, the cGMP dependence of the modeled fraction of molecules in the extended state was compared with the predicted cGMP dependence of the occupancies of the cGMP binding sites. For this purpose, we developed a simple model of cGMP binding without cooperativity ( Fig. 4; see Methods) . The model has no free parameters. Dissociation constants for cGMP binding to the high-affinity and low-affinity sites were measured to be 55 nM and 750 nM, respectively, at 30°C (see Methods), yielding a ratio R ϭ 13.6. Although the absolute value is quite sensitive to small temperature changes, the ratio of dissociation constants is not very sensitive to temperature changes of the magnitude of the difference between 30°C and the temperature of the scattering experiments (13.3°C).
The model shows that the occupancy of the high-affinity site alone is poorly correlated with occupancy of the extended state of the molecule (Fig. 4) . The occupancy of the low-affinity site is much better correlated with the occupancy of the extended state. The occupancy of both states combined is also well correlated with the occupancy of the extended state. Although the data do not distinguish elongation on binding to the lowaffinity site vs. elongation on binding to both sites, comparison of binding site organization in PKG and PKA suggests that the elongation occurs on binding of cGMP to both sites simultaneously (see Discussion).
Discussion
We have used small-angle x-ray scattering to characterize the cGMP-dependence of the shape of a monomeric deletion mutant of PKG, ⌬ 1-52 PKG-I␤. This molecule retains the essential features of dimeric PKG, including high dependence on cGMP for activation, cGMP-binding affinity, and maximum catalytic activity. Without cGMP, the inactive ⌬ 1-52 PKG-I␤ is somewhat elongated, yet relatively compact, and the scattering data strongly agree with calculations from a recent model of the interaction between the R subunit and the C subunit of PKA (10) . The PKG and PKA molecules have high enough sequence identity for homology modeling, and are expected to have the same overall shape. Our data are therefore consistent with the model of the interaction between the R subunit and C subunit of PKA, and can provide insight into mechanisms of cyclic nucleotide activation of both enzymes.
We have observed an elongation in ⌬ 1-52 PKG-I␤ on addition of cGMP. In addition, the scattering data obtained for any cGMP:PKG mixture is accurately modeled by a linear combination of scattering curves for a compact (smaller R g , D max ) and extended (larger R g , D max ) state, indicating that ⌬ 1-52 PKG-I␤ solutions in our experiments consist of a mixture of molecules in either of these two states. Insight into the elongation mechanism is gained by comparing this model with a model of cGMP binding to ⌬ 1-52 PKG-I␤. Binding to the high-affinity site is not associated with appreciable elongation of ⌬ 1-52 PKG-I␤, but binding to the low-affinity site or to both sites is associated with an overall elongation of the molecule. Thus, our modeling indicates that elongation of ⌬ 1-52 PKG-I␤ requires cGMP binding to the lowaffinity site.
Although our modeling cannot indicate whether cGMP binding to the low-affinity site is sufficient to cause the elongation of ⌬ 1-52 PKG-I␤, additional insights follow from comparison of PKG and PKA. Dissociation of PKA-I is greatly enhanced when exactly two cAMP molecules are bound to each R subunit (25) , suggesting that two cAMP molecules are required to release the autoinhibitory pseudosubstrate sequence of the R subunit from the catalytic cleft of the C subunit and disrupt all other interactions between the PKA subunits. If we postulate that the cGMP-dependent elongation of ⌬ 1-52 PKG-I␤ is analogous to dissociation of PKA, it would therefore seem likely that the elongation of ⌬ 1-52 PKG-I␤ requires cGMP binding to both binding sites, and not just binding to site B. Moreover, the locations of the low-affinity and high-affinity sites are swapped between PKA and type I PKG, so that if (i) the structural mechanisms of dissociation͞elongation of PKA and PKG-I are similar; and (ii) binding to the low-affinity site, or both sites, of either molecule is required for dissociation͞elongation; then (iii) binding to both sites would be required for dissociation͞ elongation of either molecule. Indeed, for both the PKAs and the PKGs, cyclic nucleotide binding releases the autoinhibitory sequence from the catalytic cleft (see ref. 1), implying a shared The estimated molecular mass values determined from I0͞c for the cGMP:PKG ratios between 0 and 2 gave an average of 68,000 Da Ϯ 15%. The sample measured with excess cGMP (9.4:1) gave an estimate that was inflated by 30%, indicative of an amount of aggregation involving up to 26% of the ⌬ 1-52 PKG-I␤ monomers. Fig. 3 . Two-state model fit overlayed with 1.5:1 cGMP:PKG titration data. All titration point fits resulted in 2 ͞n Յ 1.0. mechanism in dissociation͞elongation, at least in part. Support for these arguments comes from considering the model of the complex between the PKA R subunit and C subunit (10) . In this model, the relatively small surface area of interaction between the R and C subunits (2,000 Å 2 ), which presumably helps to mediate PKA dissociation, is dominated by interactions with the domain containing the low-affinity A site of the R subunit. In PKG-I, however, the A site is the high-affinity cGMP-binding site. Our scattering data suggest that the interactions between the R and C domains in PKG are similar to those between the subunits in PKA, and so we predict that the low-affinity domain of the PKG R domain has the smaller set of interactions with the C domain. These observations suggest that the low-affinity domain of R can have either large (for PKA) or small (for PKG) contact area with C; any likely mechanism for dissociation͞ elongation would therefore seem to involve cyclic nucleotide binding to both sites in either molecule. Thus, we are motivated to label the PKG:B state as ''likely compact'' in our annotated model of cGMP binding (Fig. 4) .
In both PKG-I and PKG-II, disruption of cGMP-binding site A by point mutation has the greatest effect on activation of the enzymes by cGMP, despite the fact that in PKG-I this site is the high-affinity site, whereas in PKG-II it is the low-affinity site (14, 26) . In addition, all biochemical studies of the PKGs and PKAs support involvement of both cyclic nucleotide-binding sites in activation of the enzymes, regardless of their order in the primary structure. We are therefore motivated to label the PKG:B state as ''likely inactive'' in our annotated model of cGMP binding (Fig. 4) . Because activation requires release of pseudosubstrate from the catalytic cleft (see ref. 1), which in turn is necessary for dissociation of PKA, the existing data on cyclic nucleotide activation support our prediction that binding of cGMP to both sites is required for elongation of PKG. Conversely, the effect of elongation or dissociation on activity in cyclic nucleotide-dependent protein kinases is currently unknown. Although binding of cAMP was originally assumed to cause dissociation of the R and C subunits in PKA (27) (28) (29) , fluorescent resonance energy transfer measurements suggest that dissociation may require interactions with the PKA inhibitor protein (30) (31) (32) (33) , and question whether dissociation is required for activation (34, 35) . Under the conditions used here for ⌬ 1-52 PKG-I␤, and in our previous study of PKG-I␣ (11), we found that cGMP binding was sufficient to induce both elongation and activation. Our present data are consistent with a prediction that the PKG:B state of ⌬ 1-52 PKG-I␤ is compact and inactive, as suggested by previous studies of cyclic nucleotide activation and elongation͞dissociation of the PKAs and PKGs. Future studies involving mutagenesis in the respective cGMP binding sites may be capable of clarifying uncertainties in the mechanism of cGMP-induced elongation of ⌬ PKG-I␤, and may yield clues concerning the effect of elongation on activation.
Our previous studies of the cGMP-dependent elongation of dimeric PKG-I␣ demonstrated that the elongation of PKG-I␣ was due to rearrangement of structured domains, but could not resolve whether it was solely due to conformational changes within the monomer (11) . Remarkably, D max for the dimer was found to increase by 40 Å (11), whereas here we find that D max for the monomer increases by the same amount. The amount of elongation in the dimer can thus be easily accounted for by the elongation of two monomers. We therefore propose that binding of cGMP causes an elongation of the PKG dimer by inducing elongation of the monomers, without large-scale alterations of the dimer interaction.
Our model assumes no cooperativity in cGMP binding to ⌬ PKG-I␤. Although previous studies have clearly documented cooperativity in binding of cGMP to the dimeric PKG-I␣ (36, 37) , no cooperativity for PKG-I␤ has been reported in the literature. Because our model has successfully demonstrated a correlation between cGMP binding and elongation of ⌬ PKG-I␤, we predict no cooperativity in cGMP binding to PKG-I␤. A difference in cooperativity between the isozymes would be interesting to observe experimentally: because the sequences of PKG-I␣ and PKG-I␤ differ only in the dimerization͞ autoinhibitory domain, a difference could further support an allosteric influence of this region of the protein (15, 38) .
In this study, we have probed a branched biochemical pathway with equilibrium intermediates by combining small-angle x-ray scattering with biochemical network modeling (Fig. 4) . We have determined that free ⌬ 1-52 PKG-I␤, a monomeric mutant of PKG-I␤, is relatively compact and inactive; that ⌬ PKG-I␤ with cGMP bound to only the high-affinity A site is also relatively compact and inactive; and that ⌬ 1-52 PKG-I␤ with cGMP bound into both the high-affinity A site and the lowaffinity B site is elongated and active. We infer, based on comparison with PKA, that ⌬ 1-52 PKG-I␤ with cGMP bound to the low-affinity B site alone is relatively compact and inactive, and we infer that the elongation and activation of dimeric PKG-I␣ is governed by the behavior of the monomer. Thus, we have provided structural and functional annotation of a model of cGMP binding to PKG, and have demonstrated the use of small-angle scattering not only to characterize the shapes of individual molecules, but also to elucidate the properties of biochemical networks.
